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Abstract

The mathematical description of two-particle pair measurments is reviewed, in general and for the
specific case of azimuthal angular correlations. The conditional multiplicity observable is also examined
and compared to the correlation observable. A two-source “jet/flow” model is exhibited, which expressly
allows for the possibility that a jet source could respect the collision reaction plane. The pair correlations
expected within the model are calculated in detail and discussed.
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1 General Pair Observables

1.1 Differential Pair Multiplicity

The simplest and most basic observable for particle pairs is simply to count them; or, more exactly, to count
all “pair outcomes” that occur in our event sample. Here we define a pair outcome, in fullest generality,
as the production of a particle of type A into a bit of phase space d°p4 around a momentum vector p4
in coincidence with a particle of type B into d®>pp around pg. We denote the total count of such pairs
over some event sample as d° N4B. If we call the total number of events in the sample Ny, then the basic
observable is the differential pair multiplicity per event
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The differential pair multiplicity is a function over six particle phase space dimensions, and contains all
observable information on AB-pair production in the event sample!.
Generally the labels A and B need not refer to just one unique type of particle. Each could also indicate
a group or class of particles, such as all charged particles or all positive particles, for example. This, in
turn, means that in general the classes A and B could be completely different, or non-overlapping sets;
they could be identical sets; or they could be partially overlapping sets. In this document we will deal only
with the non-overlapping and identical cases, and leave the partially-overlapping case to be worked out by
the interested reader as required.

1 This quantity is sometimes loosely called a “pair cross section”; and while this is technically incorrect it is often forgivable,
since a multiplicity per event and a semi-inclusive cross section are identical up to a multiplicative constant.



1.2 Full Correlation Functions

The simplest case of pair production is that the production of each memeber of a pair is unaffected by the
presence of the other on any event. In the non-overlapping case, this means specifically that the number
and spectrum of A particles is independent of the number of and spectrum of B particles, and vice versa.
If this is true then we say that the production of A and B are uncorrelated; the pair differential multiplicity
per event will then factorize?, and the factors will be the singles multiplicities per event:
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If we integrate the pair multiplicity in the uncorrelated, non-overlapping case, it is obvious from looking

at the RHS of Eq. 2 that the result must be simply the product of the average multiplicites per event for

each A and B.

We can quantify the extent to which A and B production are correlated by measuring the degree to

which Eq. 2 is violated. Several different such measures can be imagined; the traditional approach is to
use the ratio, and so we define the full correlation function as
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The function C(pa, pp) is a real-valued, non-negative function over six momentum phase space dimensions.
It will be equal to 1 everywhere if A and B production are completely uncorrelated (as defined above).
In general the full correlation function can have arbitrarily high or low (non-negative) values and is not
constrained by any simple sum rule; its value can be below 1 everywhere, above 1 everywhere, or any
combination in between [That’s what makes it so much fun. — Ed.]

1.3 Special Care For The Identical-Particle Case

Uncorrelated production in the identical-particle case, where A and B denote the same type of particle,
takes a little more care since the average number of pairs per event is not trivially equal to the square of
the average number of singles per event. The analog of Eq. 2 that we can write for the identical-particle
case starts as a proportionality
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2Technically, for this factorization to hold rigorously the spectrum of A particles on each event must also be independent
of the number of A particles, in addition to the already-stated conditions — and the same, of course, must also hold true for
B. This point rarely becomes important because it is already assumed in many models, but it should be kept in the back of
one’s mind.



where A and B now refer to the same class of particles, but the momenta p4 and ppg are distinct variables.

An event with n particles of chosen type will have n(n — 1) same-type pairs. So, if we integrate the
LHS of Eq. 4 over all phase space, the result must be the average number of pairs per event n(n — 1). The
RHS of Eq. 4, meanwhile, clearly integrates to (7)?. So in the uncorrelated identical-particle case the full
analog of Eq. 2 is
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Though formally correct, in virtually all practical cases Eq. 5 has an immediate simplification. If the
number of particles per event n is Poisson distributed?, then it will be true that n(n — 1) = (7)? and Eq. 5
reduces to Eq. 2. In this case the form of the full correlation function in Eq. 3 can be used for the identical
and non-overlapping cases equally well; in this document we will follow this path and use Eq. 3 for both
cases.
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1.4 Reduced Correlation Functions

Since the full correlation function is unwieldy as a function over six dimensions, it is more practical to
work with a reduced correlation function. We define the reduced correlation function by integrating —
separately — the numerator and denominator in Eq. 3 and then taking the ratio of the integrals. The
integral can be over any volume of six-dimensional phase space, which we denote generically as I'; typically
this volume will be defined by some parameter(s), which we generically denote as o and the dependence
as I'(a). The reduced correlation function is defined for choice of I', and so is effectively a function of the
parameter(s) «
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Many different kinds of reduced correlation functions, each with its own I'(«), can be defined to access
different kinds of physics. For example, in HBT correlations the phase-space volume I' might select all pairs
with a particular value of pair invariant momentum difference g;,,; this would constitute the parameter
which defines T', and so the reduced correlation function would become C(giny). Additionally we might
limit I to include pairs within a certain pair pr bin, and the bin definition becomes another parameter
C(Qinva pair pr bln)

3In all realistic mechanisms where particle production is uncorrelated the multiplicity distributions will also be Poisson,
so this assumption is generally quite safe. Some would go so far as to argue that any mechanism of particle production that
qualifies for the description “uncorrelated” necessarily results in a Poisson multiplicity distribution. We will not open such
a debate here, but just say that for all practical cases Eq. 2 is the definition of “uncorrelated” in both the identical and
non-overlapping cases, and then use Eq. 3 universally.



Note that, whenever the full correlation function has a constant value over all phase space, then all
reduced correlation functions will have that same value, for all values of their parameters. In particular, in
the case of fully uncorrelated production all reduced correlation functions will equal 1 for all parameters.

One particularly simple case is when the integration volume I' factorizes as the product of a volume
I'4 over ps and I'g over pg. We refer to this as a “factorized” or “bin-reduced” correlation function:
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We can see that Cractorized has a very simple interpretation. The numerator is the average number of pairs,
per event, with p4 in I'4 and pp in I'g. The denominator is the product of the average number of singles
for these two conditions. So the correlation function is just the ratio between an average number of pairs
per event and the product of two average numbers of singles per event:
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The illustration in Eq.’s 7 and 8 is for a single, fixed selection of I'4 and I'p; in such a case Cractorized
is just a constant (and the pedantically inclined might argue against calling it a “function”). Of course,
the factorized correlation function could also be a function of some parameter(s) Cractorized(), as long
as I'4(a) and I'p(«) are functions of the same parameter(s) and the factorization I'(a) = I'4(«) x I'p(«)
holds.

(8)

1.5 Residual Correlations

The simplest case of a non-trivial correlation in pair production is residual correlations. We say that the
production of A and B particles show only a residual correlation if we can divide the full event sample into
sub-samples such that the production of A and B particles is uncorrelated within each sub-sample. Suppose
the sub-samples can be identified by the value of some parameter (), which could be either continuous or
discrete. Then the singles and pairs distributions for events in sub-sample @ are all functions of (), and
are related by

L ENIBQ) 1 EPNAQ 1 ENP(Q)
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(9)

Over the full event sample the parameter ) has some probability distibution P(Q) which we take to be
normalized to a total sum/integral of 1. Then it is trivial to write the full singles and pairs distributions
over the full event sample; in the case that @ is discrete
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or in the case that () is continuous
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with the obvious corresponding definition for the singles distribution for B, of course. To obtain the
full or reduced correlation functions these full-sample distributions are then inserted into Eq. 3 or Eq. 6,
respectively, and the resulting correlation functions are said to show the evidence of the residual correlations
only.

These definitions of residual correlations may seem a bit abstract at this point, but a simple example
should show that the notion is quite intuitive.

1.6 Centrality Spread: A Worked Example

A residual correlation that is nearly always present in analyzing heavy-ion collision stems simply from the
fact that all event samples will cover some range in collision centrality. To see how this simple fact can lead
to a residual correlation, let’s consider the very simplest imaginable model of particle production: suppose
that every A+A collision has a well-defined number of interacting nucleons Npg,+; and further suppose
that the multiplicity for each type of particle on any given event is proportional to Np. for that event,
but are otherwise uncorrelated, and that the shapes of all the spectra are independent of Npg,;. Then we
can write the singles and pairs spectra for events with fixed Npg,; as

1 d*NA(Npart)
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where a and b are constants and F4 and Fp are normalized functions describing the spectral shapes.
We can easily see how this model fits the definition of a residual correlation: the sub-samples are events
of fixed Npgy¢, with Npg,¢ as the defining parameter (obviously); and for events in a sub-sample A and
B production are explicitly uncorrelated. The equations 14 and 15 are the incarnation of the general
equation 9.

If we now say that Npg, has some (normalized) probability distribution P(Npg.¢), then we can calculate
the particle distributons for the full event sample using Eq.’s 10 and 11 and write the full correlation function

> Npury P(NPart)ab(Npart)* Fa(pa) F(pB)
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where Npg,¢ is the mean of the Npg,; distribution for the full event sample, and o(Npg,¢) is its standard
deviation. We can see immediately that in this simplest imaginable model the full correlation function,
and so all reduced correlation functions, will have a constant value everywhere which is larger than 1.

It is worth a moment to appreciate how large these finite-centrality-spread effects might be. In this
simple example, suppose our full event sample is a minimum-bias or peripheral sample. If we say — very
crudely — that the Npg,+ distribution for such a sample is flat from Npy,+ = 0 out to some maximum Npg;¢,
then it follows immediately that the full correlation function will have a constant value of 4/3. On the
other hand, for any narrow sample of central events the Npg,; distribution will be fairly sharply peaked,
with a much lower (sigma/mean), and the correlation function might be expected to differ from 1 by less
than a percent. So, any correlation analysis in heavy-ion collisions which investigates a physics effect that
would produce correlation functions different from 1 by amounts of order 1 or less will need some way to
deal with the unavoidable presence of “uninteresting” correlations from other effects, such as centrality
spread.

1.7 Subtleties of Normalizing Correlation Functions

The moral of the above story is that correlation functions don’t always go to 1 even where you might
think they should, ie where “there’s no physics going on”, if your event sample spans a significant range in
centrality — and in the real world all event samples will span some range in centrality. So any correlation
analysis in heavy-ion physics, even one with ideal, perfect measurements, has to cope with the fact that
the correlation functions as defined in Eq.’s 3 and 6 can — and most likely will — show the effects of both
the “interesting” correlation that you might want to study and the (usually) “uninteresting” effects of a
finite centrality spread.



Traditionally there are a number of approaches to obviate these “uninteresting” correlation effects.
One possibility is to systematically divide the full event sample into smaller samples each with a smaller
centrality range and study how the correlation changes with the sample size. Note that this approach will
illuminate the true, ideal correlation function only if the finite-spread correlation functions are themselves
perfect objects, ie fully corrected for all instrumental and acceptance effects to produce the ideal quantity
defined in Eq. 6. Since absolute normalizations can be very cumbersome to determine experimentally, this
is not typically the first approach taken if an easier one will avail.

A simpler and more common approach is to presume that the effects of finite centrality spread will affect
a correlation function only as an overall multiplicative constant. After this, you can in some cases choose
the overall normalization for a correlation function to force its value to 1 at some point in phase/parameter
space where you “know” it should be 1 — that is, at a point where you know the correlation effects of the
physics you are interested in should be absent. A good example of this is the approach commonly taken
in HBT correlation analyses, where the correlation functions are normalized to equal 1 at high values of
pair relative momentum, where identical-particle effects on correlations should be vanishingly small.

One practical advantage of this approach is that since its overall normalization is determined separately,
the correlation function only needs to be measured up to within some multiplicative constant. This greatly
eases the work involved in an analysis, since the single-particle and pair acceptances now do not have to be
determined absolutely. In fact, the only acceptance effect that remains relevant at all is the shape of the
ratio between the pair acceptance and the product of the singles acceptances; and this ratio will typically
be very flat over all pair phase space except for very close-angle pairs.

The simplest approach of all is to simply measure a correlation function up to an unknown constant,
and just declare its normalization to be arbitrary. Such an “arbitrary units” correlation function is not
the ideal object of Eq. 6, but it can still have great utility. For analyses where the true, ideal correlation
function is not expected to differ much from 1, it is sometimes worthwhile for plotting purposes to normalize
a correlation function so that its average or typical value is at or near 1. For example, if the correlation
function’s shape is quite flat it can be normalized so that its total integral is the same as integrating a
constant of 1 over the chosen range of the parameter(s) «. As a slight variation, the correlation function
can be normalized to have the integrals over the parameter(s) a of the numerator and denominator in
Eq. 6 be equal; this choice is sometimes referred to as “area normalization”. It should be appreciated,
though, that in general the integral of a reduced correlation function over its parameter(s) « is not usually
a meaningful quantity — though it can be in some cases.

Happily, at least for this document, the relative-angle correlation is one case in which the integral of the
correlation function has a simple meaning, and this sum rule can be used as another means of normalizing
angular correlation functions. See Sections 2.1 and 2.2 for discussion and details.

1.8 Conditional Multiplicity

In theory of probability, when two outcomes A and B are possible it is common to ask, “How likely is it
that B will occur given that A has occurred?” In other words, what is the probability of B conditioned



on the occurrence of A? Such a conditional probability is noted P(B|A) and is found* to be equal to
P(ANB)
P(A)

where P(A N B) is the probability of both A and B occurring, and P(A) is the probability of A occurring
without reference to B.

P(B|A) = (17)

A closely analogous question in the analysis of pair production is, “On events with an A particle in
d®pa around p4, what is the average multiplicity of B particles into d®pp around pp?” We denote this
average multiplicity as d®n®Pl4 and refer to it as the differential conditional average multiplicity ® of B
given A. We use the lower-case notation n 14 to explicitly denote a per-event average; while we use the
upper-case notation, such as N4, to denote a full-count multiplicity which is proportional to the size of
the full event sample. In the present case d®nPl4 is a per-event average, but only over certain events and
not all events; this can be tricky, so we will later make sure that our result is sensible by double-checking
three conditions: (i) our result for d3n® 14 should be proportional to the size of the phase-space volume
d®*pp, but (ii) it should be independent of the size of the phase-space volume d®*p 4, and (iii) it should be
independent of the overall size of the event sample.

Moving very carefully, now: We denote the number of events in the whole sample as N¢,;. We denote
the total number of A particles created into d°pa around pg, over the whole event sample, as d>N4.
Then the probability for such an outcome, over the whole event sample, is d> N4 /Neyt. Similarly, the total
number of coincidences — that is, pairs — with A into d®p4 around p4 and B into d®*pp around pp is
denoted d® N4B: and the probability of such a pair is d* N4B /Neyi. Then we can incarnate Eq. 17 directly
and say that the differential conditional average multiplicity should be the ratio of those probabilities:

ppih — NP /Noy
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It should be clear that the form 18 satisfies the the conditions (i)-(iii) listed above, so this is a sensible
result for the quantity we seek. If we divide both sides of Eq. 18 by d®pp then we can name the result the
full conditional average multiplicity

4This equation is not a definition of the conditional probability, but can be shown to follow given its above definition. The
proof is either trivial or profound, depending on one’s outlook.

5A conditional multiplicity is also sometimes referred to as a conditional yield; the two terms are entirely equivalent.
(Also synonymous are the commonly-used term associated yield and the somewhat less common associated multiplicity.) In
this document we also insert “average” rigorously to distinguish from full-count multiplicities; though in common usage
“multiplicity” or “yield” is often intended to mean a per-event average implicitly.
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where “full” refers to the fact that this is a function defined over the full six phase-space variables p4
and pp, as we indicate explicitly.® Recalling Eq. 2 we can see immediately that if A and B production
are completely un-correlated then the conditional average multiplicity for B given A reduces to just the
per-event multiplicity distribution for B alone, which is exactly what one would expect.

So the full conditional average multiplicity as defined in Eq. 19 is a sensible quantity to measure in pairs
analysis; it contains similar, though not identical, information to the full correlation function. And just as
it was natural to reduce the full correlation function, it is similarly natural to define a reduced conditional
average multiplicity.

We cannot simply integrate the numerator and denominator of Eq. 19 as we did in Eq. 6, since the
denominator of Eq. 19 is a function only of p4 and so its integral over pp could be inifinite. However,
with a little care we can write a sensible equivalent result. We break the general full phase-space volume I'
into a range I'4 over p4 and a range I'p over pp. If we allow I'p to vary as a function of p4, ie I'g(pa),
then we can formally cover any arbitrary volume over the full phase space. That is, for any I' over the full
space there is a choice of I'4 and I'g(p4) such that the two integrations are identical:

/ d*pad’pp = / d*pa / d*pp (20)
r Ta T's(pa)

With this separation, and also generalizing I'4 () and I'g(cr, pa) to be functions of some general parame-
ter(s) «, then we can define the reduced conditional average multiplicity as a function of «

1 dSNAB
Ppa / Ppp
B|A ( ) /FA(a) I'p(a,pa) Nevt dSPAdSPB

NReduced & / d3 1 d3NA
PA+—
Ta(a) Nevt d3pA

(21)

very much the equivalent of Eq. 6.

In Sections 2.4 and 2.5 we will illustrate a specific example of conditional multiplicity for the case of
relative-angle distributions, and compare it to the corresponding example for the correlation function over
relative angle.

5Note that it makes no difference whether the conditional average multiplicity is defined using per-event averages on the
right-hand side of Eq. 19, e with the 1/Ne.: factor, or the full counts over the entire event samples. This is in contrast to the
full correlation function in Eq. 3 where only the per-event averages can sensibly be used on the right-hand side.
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2 Relative-Aziumthal-Angle Observables

2.1 Angular Correlations

We will now exhibit a specific, concrete implementation of the general form in Eq. 6 to focus on the relative
azimuthal angle (¢) separation between particles in a pair.

We first choose to specify the particles’ momenta p4 and pp in terms of the separate variables
(pa,04,04) and (pp,0p,¢p). We then define a bin for each A and B as some range over momentum
and polar angle; we refer to these ranges generically as binA and binB. Then we ask: for pairs with one A
particle in binA and one B particle in binB, how are they distributed in relative angle A¢ = (¢4 — ¢ )7

To focus on the azimuthal angle dependence, we will integrate over the (p,6) bins for the singles and
pair distributions:

1 dNA 1 d3NA
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These ¢ distributions count only singles and pairs in the specified bins, and so should rightly be noted as
specifically defined for binA and binB. For convenience, however, we will use the fairly intuitive notation
for all ¢ distributions that a label “A” indicates “a particle of type A appearing with (p4,604) in the range
binA” — and the same, of course, for B.

We can then define the total count of singles in each bin, and of pairs with one in each bin, over the
whole event sample:

2 dNA 2 dNB

NA = dps—— ; NB = dop——ro 25
; ba o ; bB . (25)
2 2 d2NAB

NAB — / d dop 2
A2 S P vy (26)

Since the singles distributions must be isotropic with respect to ¢ as measured in the lab (assuming the
incoming beams do not have any transverse polarization) the singles ¢ distributions must reduce simply to

1 dN* 1 N* NNy _n# (27)
Neyt dpa Ney 21 2 27

1 aN® 1 NP NP/Ney _nP (28)
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where we have now defined n4 = N4 /Neyt and nB = NB /Neyt to be the averge number of A and B
particles produced per event into binA and binB (respectively, of course) over the whole event sample. We
will also define n48 as the average number of AB pairs per event:

AB _ NAB

n
Nevt

27 27 1 dZNAB
:/0 dqu 0 deBi (29)

Nevt dqu d¢B
for a full and consistent notation.

The definitions of the ranges binA and binB go most of the way to defining a phase-space volume I"
which would let us define a correlation function. To complete the specification, we will say we are interested
in examining pairs with their azimuthal angle difference ¢4 — ¢p equal to some specific value A¢. The
parameter A¢ then takes on the role of o in Eq. 6 and we can define our integration region as

binB

2T 2T
Joo, = doa [ dono(d0—(6a—6m) [ dpadia [ dpadts (30)
I'(Ag) 0 0

binA

Then, using the notation defined in Eq.’s 22, 23 and 24 the correlation function that results from using
form 30 in Eq. 6 will appear, after integrating over the bins, as

[ o [ a0 5080 - (64— o)
A B - A — OB
C(A¢) = 0 0 Newt dpadppdop (31)
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The reduced correlation function C(A¢) could be called a “relative-azimuthal-angle correlation function”
but is more typically called just the angular correlation function for short. Though we have not noted it
explicitly, it should be clear that each C'(A¢) is defined for one particular choice of particle types A and
B along with (p, #)-ranges binA and binB.

The form of Eq. 32 is really quite simple, which makes predicting the angular correlation function
within a specific model quite tractable. The main work of the model is in predicting d>N4B /d¢ ad¢ s, the
joint distribution of ¢ angles for particles in pairs in the bins, after which evaluating the integral in Eq. 32
is typically quite straightforward.

Moral. The moral of the mathematical story thus far is: if you trust your intuition then you may be
tempted to jump from a model directly to writing down a predicted correlation function; but you’ll always
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be safe if you start with the pairs’ joint ¢ distribution and then derive what you expect for a correlation
function via Eq. 32 or its equivalent.

2.2 Sum Rule for Angular Correlations

While we observed in Sec. 1.2 that correlation functions in general do not obey any simple sum rules,
angular correlation functions do admit at least one useful rule. If we integrate the correlation function
C(A¢) over the full range of A¢ the result has a simple interpretation. Starting from Eq. 32, and with
nothing up my sleeve, we have:

om o 21t 27 27 1 d2NAB
da0)C(ag) = | d(Agb)W/O da | d¢B5(A¢_(¢A—¢B))mm
9 20t 2 1 dQNAB 27
= f, B[, 00 g, AA A0 (84— 69)
ot 2 2 1 dQNAB
= s, dea ), dom
AB

where we recall from Eq. 29 that n4? is the average number of AB pairs per event, from all combinations
of sources. So we can see from Eq. 33 that the integral of C'(A¢) over all A¢ is just equal to 27 times the
average number of AB pairs per event, divided by the product of the average number of A and B singles
per event. Note that the latter ratio, the rate of pairs divided by the product of rates of singles, is exactly
a factorized correlation function as defined in Sec. 1.4, if the two integration regions I'4,'p are taken to
be the same as binA and binB combined with full range over ¢4 and ¢p.

In principle this rule could provide a very straightforward way to normalize an angular correlation
function — see the discussion in Sec. 1.7 — though the effects of “uninteresting” correlations due to effects
such as finite centrality spread would, of course, still be present.

2.3 Worked Example: Elliptic Flow
We now illustrate the calculation of a correlation function from a model using the important and time-
honored example of elliptic flow.

We can describe the simplest, basic model for elliptic flow in three statements:

(1) On every event there is some azimuthal angle ® pp which describes the impact parameter direction,
also known as the reaction plane direction.

(2) Over all events with fixed ®zp the ¢ distribution of any type or group of particles will be proportional
to dN/d¢p o (1 + 2vacos (2(¢p — Prp))), for some constant ve specific to that type/group. We will refer to
ve as a quadrupole coefficient or quadrupole strength, for obvious reasons.
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(3) Other than respecting the reaction plane, different groups of particles will have no other source of
azimuthal correlation.

We can see that this model fits perfectly the definition of a residual correlation as described in Sec. 1.5,
with ®rp taking on the role of a continuous underlying parameter. Following Eq. 9 and using the notation
of Sec. 2.1 we can write the pairs and singles ¢ distributions for fixed ®pp quite easily

1 dNA(® A
Newt d;ARP) - Z? |:1 + 21}2 COS (¢A - (I)RP))}
1 dNB(® B
N dg(bBRP) _ ZTT {1 + 21}2 cos (2(¢p — ‘I’RP))]
1 d®2NAB(® A, B
Newt d¢AC§¢§P) — 7227:;2 [1 + 204 cos (2(pa — QRP))} [1 + 208 cos (2(¢pp — @RP))} (34)

To get the full pairs distribution we just follow Eq. 13: we mutiply Eq. 34 by the distribution of ®gp,
which is clearly dN/d®rp = 1/27, and then integrate over ®pp:

2 ATAB nAnB
1 d°N / RP 1 {1 + 2v§4 cos (2(pa — @Rp))} [1 + 21123 cos (2(¢p — ‘I)RP))} (35)

New dfadép 21 (2)2

It is left as a (very worthwhile) exercise for the reader to work through the integral in Eq. 35 and verify
that the result is:

1 d2NAB nAnB

= 1 + 20408 cos A — 36

Nevt d¢Ad¢B (27_[_) |: 2 Y2 ( (¢ ¢B))i| ( )
We can then write the angular correlation function predicted in the simple elliptic flow model immediately
by inserting Eq. 36 into Eq. 32

nAnB

(2m)?

Another worthwhile exercise is to show that the integration in Eq. 37 results in

2T 2T 27
C(a0) = — [ doa [ dono(a0— (04— 0m) Tl [+ 2080f cos (2064~ )] (37

C(A¢) = 1 + 2v5'vE cos (2A¢) (38)

So we emerge with the non-trivial result that within the simple elliptic flow model the angular correlation
function over A¢ will have the same quadrupole shape as the singles distributions did over ¢ —®gp, but the
coefficient of the quadrupole term in the correlation function is basically the product of the two quadrupole
coefficients for the singles distributions. Thus, measuring an angular correlation function can access the
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underlying quadrupole strengths for the elliptic flow of the singles distributions — at least through the
product v{vf — without the need to measure a reaction plane direction. Keeping in mind the cautions of
Sec. 1.7, we can also see that even if a correlation function of the type in Eq. 38 were measured with only
an arbitrary normalization it is still straightforward to extract the quadrupole amplitude, either through
a simple fit or as a Fourier moment.

For these reasons, among others, angular correlation analyses are attractive as a means of investigating

elliptic flow, and have been put to great use historically in that regard.

2.4 Relative-Angle Conditional Average Multiplicity

We can define the reduced conditional average mutiplicity which corresponds to the angular correlation
function C'(A¢), which we will refer to as the relative-angle conditional average multiplicity and denote
nBlA(A). Following the definition of I'(A¢) for the angular correlation function in Eq. 30, we can now
write the separate integration regions in Eq. 20, including their A¢ dependence:

27
/ Ppy = / dpa / dpadf, (39)
I A(A¢) 0 binA

2w

[ den = [ b6 (6a-0m) |  dppdsy (40)
I'p(A¢,pa) 0 bi

nB

Using the defintions of the bin-integrated ¢ distributions as shown in Eq.’s 22, 23 and 24 we can now write
Eq. 21 for the specific case of relative-angle conditional average multiplicty as

2 2 1 dQNAB
/ dpa dop 0(A¢p — (pa —d)B))Niﬁ
nBlA(A(ﬁ) 0 0 evt dPadop (41)
27 d¢ 1 dNA
A Nevt deA
1 2T 2T 1 d2NAB

= Al dopa ; dpp 6(Ap — (pa — éB)) (42)

Nevt d¢Ad¢B

Comparing Eq.’s 41 and 42 to Eq.’s 31 and 32 we can see that the relative-angle conditional average
multiplicity and the angular correlation function are essentially identical, differing only by a constant
factor of 27 /n®.

From this point on we will concentrate on the angular correlation function, since the relative-angle
conditional average multiplicity can always be derived from it if needed via

nB

nP(Ag) = o C(Ag) (43)
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2.5 Comparison with other notations

In the case of two-particle correlation analyses the forms in Eq.’s 3 and 6 are the standard and generally
agreed-upon definitions of full and reduced correlation functions, so we can be reasonably sure that the
results derived here can be compared directly with those of most angular-correlation analyses. To say the
same of the conditional multiplicity observable defined here, however, takes a little more care.

The forms in Eq.’s 41 and 42 follow directly from the general definition in Eq. 21, but they may not
look immediately familiar even to those who have carried out a conditional multiplicity /yield analysis. One
reason for this is that we have proceeded in Sec. 1.8 from a first-principles definition — starting with Eq. 18
— of what could “reasonably” be termed a conditional probability, or multiplicity, while most analyses start
from a more operational defintion. It is worth some time to show that the two are, reassuringly, equivalent.

The observable used in most conditional multiplicity analyses is usually denoted

1 dN
NTrigger d(Ad))

Here “Trigger” denotes one type or class of particle, and the aim is to quantify the number of particles
from a second “Companion” type/class that are observed in coincidence with a “Trigger” particle’.

Operationally the quantity in (44) is very straightforward to construct. The first factor 1/Npyigger is
simply the inverse of the total number of “Trigger” particles observed in the entire event sample, irrespective
of the presence or absence of “Companion” particles. The second factor, the distribution dN/d(A¢), counts
the number of times d/N that a “Companion” particle was observed on the same event as a “Trigger”
particle, and that the difference between the two particles’ aziumthal angles (¢companion — @Trigger) Was
within the range d(A¢) around A¢. In effect dN/d(A¢) describes the distribution of “Trigger-Companion”
pairs over the pair variable A¢, and should have the properties of a pairs distribution, eg it should integrate
to the total number of pairs observed in the event sample.

(44)

There is an unfortunate semantic confusion that sometimes arises with the form (44), to wit: some will
describe the action of calculating form (44) as “counting the number of Companion particles observed per
Trigger particle”, which is then elided to “counting the number of Companion particles and then dividing
by the number of Trigger particles”. The latter description then sometimes inspires the notation, which
we would not recommend,

1 dNCompam'on
NTrigger d(A¢)

The notation used in (45) is misleading, in that it suggests we are counting “Companion” particles — ie
some kind of singles — while we really should be counting “Trigger-Companion” coincidences, ie pairs. The
most explicit notation

(Not preferred notation) (45)

"In other notations the “Trigger” particles are also referred to as “Seed”, “Leading” or “Parent” particles; while the
“Companion” particles also go by the name “Partner”, “Daughter” or “Associated” particles. In this document we will use
“Trigger” and “Companion”; but at the time of this writing the naming field is still open, so if you have a better idea then
let people know.
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1 dNTrigger—Companion Pair (46)
NT'rigge'r d(A¢)

would make this unmistakably clear; but since the form (46) might be cumbersome most authors use (44)
and leave its equivalence to (46) implicit. Notations such as (45) should be avoided, and the fact should
never be lost or concealed that we are counting pairs as the basic objects.

With that said we can now easily make contact with the notation developed in this document, letting
our particle selection A play the role of “Trigger” and B play the role of “Companion”. Recalling that the
per-event and total singles multiplicites are related by N4 = n? - N.,; we can re-write our definition for
conditional multiplicity in Eq. 42 suggestively as

d2NAB
dpadop
After a moment’s reflection it should be clear that the double-integral factor on the RHS in Eq. 47 is exactly

equal to the pairs relative-angle distribution dN4Z /d(A¢), with our usual definition A¢ = ¢4 — ép.
We can now state the equivalence between the notations explicitly:

1

2 27
nPA(Ag) = W/o doa ; dpp 6(Ad — (da — ¢B)) (47)

nPlA(Ag) = 1 M

N4 d(A¢)
For the convenience of the reader who may prefer one or the other of these notations we will carry both
to represent the relative-angle conditional average multiplicity for the rest of this document. For example,
we will re-state the relationship to the reduced angular correlation function in Eq. 43 now with the more
common notation

(48)

1 dN4B B
— ——=—C(A 49
just so you don’t forget it (!).
Lastly, we can make the interesting observation that in a conditional multiplicity analysis it is really not
that important which particle we call “Trigger” and which “Companion”. More exactly, a measurement
of the multiplicity of B conditioned on the presence of A contains essentially the same information as a

measurement of the reverse, the multiplicity of A conditioned on the presence of B. Re-writing Eq.’s 48
and 49 for the reverse case we have

dNAB A
n18(86) = 75 G555 = 5 CA9) (50)

Combining Eq.’s 49 and 50 it then becomes clear that the two relative-angle conditional average multiplic-
ities are very closely related:
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AB nB AB nB
nBlA(A¢) _ ]\;Aj(]\g(ﬁ) — <nA> ]\/}BZ(]\L@ = (M) nA|B(A¢) (51)

So as long as the average (or total) bin multiplicities for A and B are known the two measurements yield
entirely equivalent information, and which one we choose to compile is essentially a matter of taste.

2.6 Sum Rule for Relative-Angle Conditional Multiplicity

In Sec. 2.2 we derived a simple sum rule for the angular correlation function, and since the two are so
closely related we should expect there to be a corresponding rule for the relative-angle conditional averge
multiplicity. Folding Eq.’s 48 and 49 into Eq. 33 we have

27 1 d NAB nAB

2m
| o) = [ aiae) g Ging = (52)

This is an eminently sensible result. Once we integrate over all A¢ we have counted all the “Trigger”—
”Companion” pairs, and so the final result should be the ratio of pairs per “Trigger”. In practice this rule
may or may not prove useful, since it may be satisfied by construction depending on how the conditional
multiplicity is compiled. In this document we will use the rule to double-check our final results for the
two-source model in Sec. 3.11.

3 The Two-Source Model: Flow and Jets

3.1 Singles Distribution for Flow Source

We define Nﬁ‘low as the total number of A particles produced into binA from the flow source over the
whole event sample, and n?low = Nlélow /Neyt as the average number number per event; and, of course,
we also define Nlﬁow and n{j}low equivalently for B particles from the flow source. With these, the rest
is essentially identical to what was described in Sec. 2.3: the singles distribution is controlled by the
underlying parameter ®zp, the reaction plane direction

1 dNPAlOW((I)RP) 77‘élow FlowA
= _Llow 11 9 ow 2 _®
Neyt d¢A 2 [ + 20y COS( (¢A RP)):|
1 dNFBlO ((I)RP) nglo Fl B
W e W 1 2 ow 92 _ P 53
Newt dop 2T [ + 20 cos (2(¢n RP))] (53)

We can make a quick check on the normalization (ie making sure we have all our 27’s in place) by calculating
the full singles distribution. As per Eq. 12 we multiply (53) by the distribution dN/d®grp = 1/27 and
integrate over ®rp. The result is (1 /Nevt)dN}’%OW Jdpa = nﬁow /2w, which is exactly what it should be,
isotropic and with a total integral of just nélow.
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3.2 Singles Distribution for Jet Source

The singles distribution for particles from a jet source is slightly more complicated, since they are controlled
by two underlying parameters: ® j.; the jet axis direction, and ®pp the reaction plane direction. Our model
for jet fragmentation, and for jet propogation potentially respecting the reaction plane, is embodied in two
statements:

(1) For jets emerging at an azimuthal direction ® j; the fragments which are type A particles produced
into binA are distributed in aziumth according to some function J A(qﬁ A — @ jet). We assume this function
JA() to be symmetric, single-peaked at 0, and to have a value of zero for |p4 — ® jot| > /2, ie there are
no jet fragments produced at angles more than 90° away from the jet direction. And, of course, there is
an equivalent function J?(¢p — ® ) describing the aziumthal distribution of B fragments. Further, we
also stipulate for convenience that all J() functions are normalized to a total integral of 1.

(2) There are many reasonable possible pictures for how jet production could “feel” the collision geom-
etry through interaction with some non-aziumthally-symmetric created medium. Here we embody those
possible effects as one simple assumption: for jets emerging at direction ® j.;, the number of A fragments
observed in binA will be modulated by a function (1 + 2(v§*“4) cos2(® st — Prp)) for some constant
(vg 6tA> which is specific to the definition of binA. The behavior of B fragments, of course, is the same but
controlled by a corresponding constant (vy*5).

We use the bracket () notation to emphasme that the effective quadrupole strength (v is not the
strength for any particular jet, but is an average over all jets that produce A fragments into binA, where

the average must extend over all jet energies, polar angles, parton types, etc.

éfetA>

We now define, exactly as in Sec. 3.1, N ﬁt and N ﬁt to be the total number of A particles in binA, and
B particles in binB, which are produced by jet sources; and we similarly define nJAet and nit to be their
per-event averages, respectively. With these defined we can now write the singles distributions for give

values of ®j.; and ®rp as

1 dN3L (P jer, Prp)

= nfet JA(d)A - (I)Jet) {1 + 2<U§7€tA> COs (2(¢)Jet - q)RP))}

Nevt d¢A
1 dNE (@ e, ® e

el Pre BrP) B B g [1+2(0§°') cos (2@ — D)) (54)
Nevt d¢B

It is useful to derive the distribution with only ®zp as the controlling parameter, by taking the singles
distribution multiplying by dn/d® j.; = 1/27 and integrating over @ j.;. We will work through the result
for A particles, leaving the parallel conclusion for B implicit.

1 dNi (Pgrp) /d@u 1 1 dNA®je, Prp)
e
Nevt deA 2m Nevt d¢A
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nA
= o [4074 (0 — Brua) [14 20047 05 (APt — D))

A
- { [ 17 0a — @) +
2(ufet4) / D 1 JA (b a — B ger) 08 (2. yes — @RP))] (55)

The first integral in Eq. 55 evaluates to just 1 by the definition of J(). The second integral is a little
trickier, but by expanding the cosine and making the change of variable z = (¢4 — ®Prp) we arrive at

1 dNﬁ’t(q)RP) _ n?et JetA\ A
Nyt doa = on {1 + 2(vy“ )3 cos (2(da — @Rp))] (56)

where the constant js' is just the second cosine Fourier moment of J4()
jt = /JA(x) cos(2x) dx (57)

If the function J4() is narrowly peaked, then the value of j5' will be very close to 1.

We can see that the singles distribution of jet fragments for fixed ®rp follows the elliptic-flow-like
quadrupole pattern perfectly, with the quadrupole strength being equal to the average strength for jets
which generate A particles in binA, modified only slightly by the factor j5' which will typically be close to
1. So in this model the quadrupole strength of jet fragments quite directly reflects the quadrupole pattern
of the jets themseleves.

3.3 Combined Singles Distribution

It is useful to write the full singles distribution, for the sum of both sources, for given ®gp. First we note
that N4 = Nb‘ﬁ‘low + N jit by definition, and similarly n4 = nélow + nfet by defintion (with the same, of
course, true for B). Then we can write the sum of Eq.’s 53 and 56 compactly as

1 dN{(Prp) | 1 dNf, (Prp)  n? )
€ oW - 1 2V 9 _ & 58
New  déa * Nowt dba o [ + 2V5" cos(2(da RP))} (58)

where V! is the constant

A n?l FlowA "ft Ay JetA
J— ow ow [S) . €
Vih = A U2 + A )2 {0y %) (59)

We can see from Eq. 58 that the full sum singles distribution for fixed ®rp follows a quadrupole shape,
and from Eq. 59 that its quadrupole strength VQA is just the weighted average of the quadrupole strengths
of the flow source and jet source separately. This is a standard result when adding two distributions each
with some quadrupole strength, so we should not be surprised — instead, relieved — to recover it here.
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Of course (as almost goes without saying), the same thing will be true for the full sum singles distribution
of B particles, with the corresponding net quadrupole strength V7.
3.4 Sum Over Pair Types

In the angular correlation function in Equation 32 the pairs distribution d?N48 /d$ 4dép, of course, counts
all pairs from all combinations of sources. If we can partition the pairs distribution into a sum over pairs
of different, disjoint types then we can also write the correlation function as a sum of terms

d2NAB dQNAB

PairType
— T ype 60
dpadop Pairz:Type dpadop (60)
2w 2m 2w 1 d2 éa?rType
C(A¢) N PairzT:ype W /0 dd)A 0 dd)B 5(A¢ a (¢A a (z)B)) Nevt d¢Ad¢B (61)

We will calculate a term in this sum for each of the possible pair types in the two-source model in the
following Sections, and then exhibit the overall sum of Eq. 61 in Section 3.10.

3.5 Pairs Type I: Flow-Flow

The simplest type of pair is when both A and B particles are from the flow source. The singles distributions
are controlled by ®zp and the joint distribution is

1 NiGe low _ / i L ANl (PrP) 1 NG, (Prr)
Newt  dpadop

27 Newt doa Newt dop
The forms for the singles distributions from the flow source are shown in Eq. 53, and since they both
follow the form of a quadrupole distribution, we know that this is the same as the problem we solved before
in Section 2.3. The calculation for the term in Eq. 61 follows exactly the same path, and so we will only
quote the result here; the term in Eq. 61 for the Flow-Flow pair type is

2 (27 2m 1 PN{J, g

LI dép 6(Ap — (da —  a—

nAnB A ¢A 0 qu ( ¢ (¢A ¢B)) Nevt d¢Ad¢B
. m [1 + 2,UFlowA,UFlowB COS(2A¢)} (62)
= TLA nB 2 2

3.6 Pairs Type II: Flow-Jet

Here we take first the case where particle A is from the flow source and B is from a jet source, and work
it out in detail. When we write the final form for the term that enters Eq. 61 we will add the reverse case
as well.
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In principle the Flow-Jet pair shows only residual correlation, with the controlling parameters being
®rp and D j.;. So we can calculate the joint distribution in the usual way, by taking the singles distributions
from Eq. 53 for A and from Eq. 54 for B, multiplying by dn/d®rp and dn/d® j.;, and then integrating
over (I)Rp and (I)Jet

1 NES A jen 1 1 dNA,(®rp) 1 dNE (®jet, Prp)
Neyt d¢Ad¢B (277)2 Neyt ngSA Newt dQSB

The integration over ® j.; affects only the Jet-B factors, and we know the result of this integration from
Eq. 56 in Section 3.2. So the joint distribution now reduces to

(63)

- / 4D pp P 1o

1 d®NED A jen 1 1 dNg,(®Prp) 1 dNf (Prp)
= / dPrp - oy . (64)
Nevt d¢Ad¢B

27 Newt doa Newt dop
The two forms for these singles distributions are in Eq. 53 and Eq. 56 and we can see that they each have
exactly the form of a quadrupole modulation. So Eq. 64 has exactly the same form as Eq. 35, just as the
Flow-Flow pairs did, and so we can go straight to the corresponding result for the term in the correlation
function. Adding both the Jet-A—Flow-B term and its reverse, the full term in Eq. 61 for the Jet-Flow
pair type is

2 2m 2m 1 dQNjL‘E Fl
_cm [T dop 6(Agp — (¢4 — P T
nA nB /0 (Z)A 0 (Z)B ( ¢ <¢A (Z)B)) Nevt d¢Ad¢B
_ M [1 + plitowA 'B<UJ6tB> COS(QAQZ))} +
= ToAnB 2 J2 \U2
% [1 +2 -A<vJetA>vFlowB COS(2A¢)} (65)
nAnB J2 (V2 2

3.7 Pairs Type III: Unrelated Jets

Pairs of particles when each is from separate, un-related jets have a very similar form to the Flow-Flow
and Jet-Flow cases. In principle the pair distribution is controlled by three underlying parameters, the two
jet axes @ jera and P jorp and the reaction plane direction ®rp, and so the distribution is calculated as

AB
1 d2 NUnrelatedJets
Nevt d¢Ad¢B

— // AdPrp d® jeta dP jetB

1 1 dN3(®jeta, ®rp) 1 dNB (D e, Prp)
(27T)3 Neyt d¢A Neyt d¢B

The singles distributions are shown in Eq. 54; but as before, the integrations over ® j.;4 and ® j.;p reduce
the calculation of the pairs distribution down to

(66)

22



1 dQNI?rgelatedJets :/d(I)RP 1 1 dNﬁzt((I)RP) 1 dNJB;:t((I)RP)

— 67
Ny doadon o7 New  dés New  don (67)

The singles distributions after integrating over the ®j.;’s are shown in Eq. 56; and, as in the preceding
two sections, they are both of the quadrupole type which lets us move directly to the answer. The term in
Eq. 61 for the Unrelated Jet pair type is

2T 2m 2 1 d2NAB

- Ao — _ UnrelatedJets

nAnB /0 doa ) dpp 6(Ad — (da — ¢B)) Now  doados
_ nJAet nJBet [1 +2 -A<UJetA> ~B<,UJetB > COS(QAQZ))} (68)
T T ApB J2 \V2 J2 (V2

3.8 Pairs Type IV: Jet Fragments, Same Side

The first three pair types discussed so far could all be described as experiencing only residual correlations
between A and B particles, and their terms in the correlation function all had essentially the same form.
The next pair type, where both particles are fragments from the same jet, will be a little more complicated.

Production of A and B particles as fragments from the same jet cannot be said to show purely residual
correlation, since even for a jet of fixed energy and direction the production of A and B particles into bin A
and binB are not uncorrelated. The production of an A into binA from a jet may make the production
of a B into binB from the same jet more likely, or less likely, or neither! The exact answer depends very
sensitively on the bin definitions and the physics of jet fragmentation, which is not well-understood and is
not even that well-studied for the production of multiple fragments.

We will encapsulate our ignorance into a new variable: we define N ﬁ?samesme as the total number of
A, B pairs produced into binA and binB by fragmentation from the same jet, over the whole event sample.
And, naturally, we define its per-event average as n{%, <. = NAB . /Ney. So whatever form we
derive for the joint ¢ distribution (1/Ngy;)d? N ji’t%ameSide /dpadpp we can set its normalization by requiring
its integral over ¢4 and ¢p to be equal to nJAe’tBSameSide.

We now make the simplifying assumption, commonly used, that the ¢4 distribution of particle A is
un-affected by the presence or absence of a B fragment from the same jet, and vice versa. This amounts
to two statements: (1) The particles A and B show only a residual correlation in ¢, as both respect the
parent jet axis but are otherwise uncorrelated; and (2) The ¢ distribution of a particle with respect to the
jet axis in pair events has the same shape as its singles distribution. We cannot justify this assumption
from any first principles — fragmentation is not that well understood — but it is not out of line with
what models for fragmentation do exist, and is probably quite reasonable at the level of our farily simple
two-source picture here.

We will also allow for the possiblity, as with the jet singles distributions, that the jet producing the
pair had some interaction with the collision medium that allows it to “feel” the event plane. As before,
we will model this effect by saying that the number of produced pairs will be modulated by a quadrupole
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shape {1 + 2(v] 4B cos(2(D jor — Rp))}. The quadrupole coefficient is an now average over jets which
produce A-B fragment pairs, similar to the coefficients that showed up in singles production; but there
is mo simple relationship between the quadrupole strengths for singles from jets and for pairs from jets
(fortunately, this will not turn out to matter).

At least, we can now solve the problem! With the definition and assumption above, we can say that
the pairs distribution for fixed jet axis direction ® j.; and reaction plane direction ®zp should follow

1 d2NJetSameSlde((I)Jet7 (I)RP)
Nevt d¢Ad¢B

= n?e?SameSide JA(¢A - (I)Jet) ‘]B(d)B - (I)Jet) [1 + 2<vé]etAB> COS(Q((I)Jet - (I)RP))} (69)

As usual, we get the full joint distribution by integrating over ®j.; and ®zp including their distributions,
each 1/27:

1 d2NJetSam651de — // d® pp d® ;e 1 d2NJetSameSlde((I>Jet>q)RP) (70)
Nevt d¢Ad¢B ( )2 Nevt d¢Ad¢B

We can see from the form in Eq. 69 that ®rp appears only in the quadrupole-shape factor, and so it makes

sense to carry out the ®gp integral first. The integral of the cosine term will vanish, and the integral over

1 in that factor will just produce a factor of 2w. With only the integral over ® j.; remaining we have

1 d2 etSa eSide nJAetSa eSide B
meSide __ meSi dd J — &, — by, 71
Newt  dpadop / Jet JO(pa — Pet) J7 (6B — Pet) (71)

At this point we can make the change of Varlables r = O — ¢p and taking advantage of the fact that
the J() functions are symmetric around 0, re-write Eq. 71 as

1 &Nifiameside _ Mo tS Sid / A B
JetSameSide _ “JetSameSide [ .. 7 _ —2)J 72
N de s ((pa — dB) — ) J7(2) (72)

We can recognize the integral over = as simply the convolution of J4 with JB, evaluated at (¢4 — ¢p).
Using the standard notation J4 o JZ for the convolution of the two functions, we finally arrive at the joint
distribution:

Newt dpadop B 27
We mentioned earlier in this Section that our definition of nj“efsamesme requries that the joint ¢ distribution
must have a total integral equal to exactly nJAe]fSameSide. We can double-check our form defined in Eq. 69
by noting that our joint distribution in Eq. 73 clearly satisfies this requirement®.

1 dQNJetsameslde _ nJAethSameSide JA o JB((Z5A — d’B) (73)

8Tt is useful to recall here that the integral of a convolution is just the product of the integrals of the original functions.
Since the J#() and JZ() functions are both normalized to 1 by definition, we know that their convolution is also normalized
to 1.
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With the form in Eq. 73 for the joint distribution, deriving the term in the sum of Eq. 61 for the
Jet-Same-Side pair type is straightforward:

2 [ 2m 1 dN{E
d d S(AD — o JetSameSide
T Jy 10 [, 9980 = (94 05) o e
2m n{\B meSi
— :;XS;BeS de JA o JB(AQS) (74)

3.9 Pairs Type V: Dijet Fragments, Opposite Side

The most complicated case we will consider in the two-source model is when the A and B particles are
fragments from different jets, but the jets are a dijet pair. This means that the two jet axes ®j.;4 and
Phijetp will be very close to opposite, or back-to-back, though not perfectly so. We will define the degree
to which the two jet axes are not perfectly opposed as 145

I/JAB = (I)JetA - (I)JetB -7 (75)

This quantity is often called the “acoplanarity” between the two jets. In this case it describes specifically
those di-jet pairs which create A particles into binA and B particles in to binB. We can encapsulate our
ignorance of di-jet production simply by saying that ¢42 is distributed according to some shape

dn
goan =D W) (76)
We will assume that the function DA5(), like the functions J4() and JZ(), is single-peaked and symmetric
around 0, and further stipulate that it is normalized to an integral of 1. Clearly the shape of DAB() is
very specific to the definitions of binA and binB, and is worthy as an object of study in itself.

We also don’t know a priori how many pairs will come from di-jets, and there is no simple relation
between the number of jet singles and the number of dijet pairs without more knowledge of jet production.
So, as in the previous Section, we will encapsulate this ignorance by defining N‘SE jet as the total number
of A,B pairs produced into binA and binB by fragmentation from jets in a di-jet, over the whole event
sample, and n‘]%iB_ Jet = N]‘D“if_; jet/Newvt. as its per-event average.

If we assume that the two jets fragment independently once their axes are known, then we can go ahead
and write the joint ¢ distribution. The controlling parameters® are now ® je4, wAB and of course ®pp;
for given values of the parameters the joint ¢ distribution is

1 NHE ;o (@yera, v B, Opp) _
Nevt d(bAd(Z)B

9Note that this is one particular choice for the controlling parameters, and others are possible. Certainly ® je:p, A8 and
®rp would be equivalent. The set ®jeta, Pjern, and Prp is also possible in principle, but we instead choose 1/JAB as an
independent parameter because we know its distribution explicitly.
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P05 10 (b4 — ®rern) TP (0 — (Ryera — AP — 1)) x

1+ 200874) cos(2(D e — ®rp)) | [1+ 2(081F) cos(2((®gera — 4P — 1) = Dgp))| (77)

where we have made use of the substitution ® jo;p = @ jera — 1/JAB — 7 implicit in Eq. 75.

Note that we have also introduced the normalization constant n? at the front of Eq. 77. Later we will
set the value of % to ensure that the joint per-event distribution integrates to exactly néiB_ Jot- Why do
we need to do this here, when we didn’t need it for any of the earlier terms? The short answer is that the
normalization for all the earlier terms was manifest. The terms for pair types I, II and III were all strictly
residual correlations and their normalizations followed from the singles normalizations; the term for pair
type IV as shown in Eq.69 integrates to the number of pairs correctly without any additional factors. Only
the di-jet case has a non-trivial normalization, but don’t worry: the normalization here is almost trivial.
The constant 7 will turn out to be almost exactly equal to 1, and later we will absorb it into another
defined quantity anyway.

We then get the full joint distribution, as usual, by integrating over the parameters after multiplying
by their individual normalized distributions

1 d2N]1341§Jet

Nevt d¢Ad¢B
1 NP (P ger, A8, O Rpp)

B AL aB,,AB
= // AP rp d® jera dip (27T)2D (¥ )Nevt dpaddp (7%)

The integral resulting from inserting Eq 77 into Eq. 78 may look intimidating, but with a little care it can
be handled straightforwardly.

We have included in Eq. 77 the factors for quadrupole modulation of the jets in the di-jet. We have
denoted the quadrupole strengths for the jets in the di-jet as (v*/¢*4) and (vP?/¢*B); note that these are
not the same as the quadrupole strengths of the single jets (v§“*4) and (vf**P) that we defined earlier,
since the sample of jets in di-jets producing A—B pairs is not the same as the sample of jets which produce
A and B particles singly.

While this is formally correct within our model, it turns out almost not to matter at alll We can see
this by first carrying out the integral over ®zp which involves only the factors on the last line of Eq. 77

/ d@pp |14 2(F4) cos(2® jera — Drp))| [1+ 2008 P) cos(2((@ gera — P = 7) = Bpp))]
= 2 [1 4 2(uD e 4) (v 7¥1B) cos (24| (79)

We observe two features of this factor: (1) The value of a product of two vy’s is typically a small number,
so we expect that the cosine term will be a small correction that we might even be justified in ignoring;
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and (2) Since we know that A8 will typically be very close to 0, depending on the width of the D45
distribution, the cosine function will always be very close to 1, and so the whole factor will be very close
to constant. We might then be justified in taking it out of the later integrals altogether as just 27 plus a
small correction, though for completeness we will keep the full expression here and forge ahead.

After the integration over ®pp the remaining expression becomes

AB
1 d®NpHP 5

Nevt d¢A d¢B
AB, AB

= 1 Do / AP era dp*P DAP(AP) JA(Ga = ®yera) TP (65 — (Pera — P — 7))
> |:1 + 2<,U£)iJ6tA><,U§)iJetB> COS(2"¢AB)} (8())

Now we can carry out the integral over ® je;4, which involves only the J() functions. Using the change of
variables © = ¢4 — D jer4 We have

/dq)JetAJA(¢A — D gera) J% (0B — (P jera — P — 7))
= [ @@ (04— 65— 1) )
= JA o P(a—gp— v — ) (81)

This is just the convolution of J4 and JZ again, now evaluated at ¢4 — ¢p — A8 — 7. With Eq. 81 in
hand we have only the integration over ¢? remaining:

1 dQNSiBiJet _ nABnéEJet /deB DAB (¢AB) JA o JB<¢A _ ¢B o wAB o 71')
Newt doadop 2w
% {1 + 2<Ué)iJetA><v2DiJetB> COS(21/JAB)} (82)
AB
s

where we have now defined the function E4B(1)458) to be a very small variation on DAB(p45)

EAB(wAB) = T]ABDAB(i/JAB) [1 + 2<vé)iJetA> <vé)iJetB> COS(Q’(#AB)} (84)

We have now absorbed the awkward normalization constant nZ into the definition of E4Z() — notice
that nZ does not appear in Eq. 83, thankfully. Close examination of Eq. 83 reveals that in order for the
the joint distribution to have a total integral of 1, the function E4Z() must be normalized to have a total
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integral of 1. This, then, is what fixes the value of nZ as whatever is required to have Eq. 84 normalized
to 1.

The upshot of all this is that we will not be able to access the function DAB() directly from the
correlation function, but instead only its close cousin EAB(). But that’s OK, since DAZ and E45() are
nearly identical in shape as long as both are narrow peaks.

With all that said, we can now recognize that the integral in Eq. 83 is just the convolution of the
function EAP together with the function J4 o JZ, evaluated at (¢4 — ¢p) — 7, and so we finally have the
full joint distribution

1 PNEE s il e JA o JB o pAB B — ) 85)
New doados 27 (04 =0w) =7 (

The form of Eq. 85 is, at last, just what you would have expected intiutively: it’s a single peak centered
on ¢4 — ¢p = m, and its shape is the convolution of the individual jet fragmentations together with
the acoplanarity. The extent to which jets “feel” the reaction plane enters only through the very small
difference between DAB() and E4B(), as in Eq. 84, so these effects will — as you would expect — have
almost no influence on the di-jet peak in the correlation function. We can also see clearly now that the
joint distribution in Eq. 85 does indeed integrate!? to exactly néifi Jet» 50 all around it looks like a sensible
result.

Now that the work of getting the joint distribution is done, the term in Eq. 61 for the Di-Jet pair type
follows straightforwardly; with Eq. 85 we have

o1t 21 21 1 dQNS'BJ
= Ad — — =~ Di-Jet
T Jy 0 [, 9080 = (0 00)) o S
27rnA£ o
= gt e 1" o BAP (A —m) (86)

3.10 Summing It Up for the Two-Source Model

We can now realize Eq. 61 by summing up the terms for the different pair types: Eq. 62 for Flow-Flow
pairs; Eq. 65 for Flow-Jet pairs; Eq. 68 for Unrelated-Jet pairs; Eq. 74 for Jet-Same-Side pairs; and Eq. 86
for Di-Jet pairs. So Eq. 61 now becomes

A B
C(Ad)) — "Flow "Flow {1 + 2,UFl0wAUFlowB COS(2A¢):|
nA TLB 2 2

+ nélow nJBet {1 4+ ZUFlowA -B(,UJetB> COS(2A¢)]
TnAnB 2 J2 (Vg

0The property of convolutions that we used before, that the integral of a convolution is just the product of the integrals
of the original functions, also extends to multiple convolutions. Here, since we know that J*(), JZ() and E45() are all
normalized to 1 by definition, we know that the three-fold convolution is also normalized to 1.
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We can see that the first four lines of Eq. 87 are very similar, and each has a constant piece and a cosine

piece. If we collect the constant pieces and cosine pieces together separately we get the suggestive result

A B A B A B A B
"Flow'Flow + NFlow Vet + " Jet " Flow + " et Jet

nAnB

C(A¢g) =

A B A B
19 "Flow "Flow , FlowA, FlowB + NFlow et , FlowA -B< JetB) +
T AnB U Vg ThAnB U J2 \U2

Wit WPlow A, JetA\. FlowB |, Wit Moet <A, JetA\ B, JeiB
Wﬂ O R +ﬁjg (05 jg" (V54 7) | cos(2A¢)

AB AB
+27r n;is;%lesme JA o TB(Ad) + QWnZD;—BJet JA 6 JB o EAB(A¢ — ) (88)
We can see that the first line in Eq. 88 is exactly equal to 1 by the definition of the n’s. Careful examination
of the sum in brackets on the second and third lines will show that it is equal to exactly the product VQA VP,
where V2A and V% were defined earlier in Eq. 59 as the quadrupole strengths of the A and B full singles
distributions, summed over both sources, with respect to ®gp. With this in hand, the correlation function
takes on a very simple final form:

C(A¢) = 142V VP cos(2A¢)

27 N Sameside 1A 1B 21 ot 14 B AR
+ lefameide j4 o JP(Ag) + TPt M 0 P 0 BAP(AG — ) (89)

We can now — finally! — say that in the two-source model we would predict the angular correlation
function to be the sum of a constant 1, plus a “standard” quadrupole term 2V2AVQB cos(2A¢), plus two
jet-fragmention peaks, one centered at A¢ = 0 and the other at A¢ = .

We can make a quick double-check of the result in Eq. 89 by calculating the integral of the correlation
function over A¢ and comparing the result to sum rule we derived in Sec. 2.2. From Eq. 89 we immediately
find

2 21 ndB . 21 nAB
/ d(A(Z)) C’(Agb) = 27 + m nJitlSargeSlde + ADI—BJet
0 n4n nan
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This is exactly what we would have expected, based on the sum rule derived in Eq. 33: it’s the full rate of
pairs per event, divided by the product of the singles rates per event, multiplied by 2.

Looking at the form in Eq. 89 we can also make the following observations immediately:

e The strength of the quadrupole term will be the product of the quadrupole strengths of the A and
B full singles distributions.

e The integrals of the jet-fragment peak terms will be 27 nj‘ej?sameSide/nAnB on the near side and

21 niAP Jot /n4nB on the away side. Thus if these terms could be isolated, with their correct absolute
normalization, it would be possible to extract the absolute number of jet fragment pairs and di-jet fragment
pairs, since the quantities n* and n? are easy to measure separately.

e Note also that if the entire correlation function can be correctly absolutely normalized, then the
jet-pair multiplicities can also be accessed without separating out the peak terms. The integral of the
near-side half of the correlation function, ie in the range —7/2 < A¢ < 7/2, should yield 27(1/2 +
nfﬁelgSameSide /nAnB ). And, of course, the integral over the opposite-side half, 7/2 < A¢ < 37/2, should
yield 27 (1/2 + nfiP ;.. /nnP). The strength of the quadrupole oscillation is irrelevant, since the integral
over the cos(2A¢) will vanish for any interval of width 7. Of course, the possible presence of other sources
of correlation will have to be appreciated before any final result can be derived based on the integral of

the correlation function.

3.11 Two-Source Model Result For Conditional Multiplicity

Once we have the relative-angle correlation function, it is an easy matter to predict the relative-angle
conditional average multiplicity. Keeping the labels that A is the “Trigger” and B the “Companion”, then
inserting Eq. 89 into Eq. 49 we have

1 dNAB nB  nBVAVE
B|A - - o2 V2
n” " (Ag) = U (A = 3 + cos(2A¢)

AB
" jetSameSide 7A o 7B (A
+ A J% o J7(Ag)
AB
+ BDEJe a5 7B o FAB(AG — ) (91)

We can also double-check this result against the sum rule derived in Sec. 2.6. Integrating Eq. 91 over A¢
we have just

2 AB A B AB AB
T 1 dN nen” + " JetSameSide + Di—Jet

2w
(a0 A (80) = [ da0) g3 Gigy = =
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_ NA NB + Nfat%ameSide + NSiBiJet (92)

NA

As with the correlation function sum rule check, this is exactly what we would expect for the conditional
multiplicity based on Eq. 52: just the total number of AB pairs divided by the total number of A singles.

The observations we can make about the form in Eq. 91 for the relative-angle conditional average
multiplicity are similar to those we made for the correlation function: it should be the sum of a constant
term, a quadrupole term, and two jet-peak terms. Examination either of the jet-peak terms themselves,
or of the integral with the constant term subtracted, can directly yield information on the quantities
il sige/nt and nfB ;  /n?. As with the correlation function these can then be used to extract the
rates for pair production from the jet and di-jet sources; or the ratio between the pairs and singles rates

may be of interest by itself.

4 Glossary of Mathematical Notation
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